ABSTRACT-A variety of polyaromatic hydrocarbons (PAH) includmg naphthalene, phenanthrene, acenaphthene, and dibenzothiophene were degraded with little or no lag in oxic slurries of marine sedi m e n t~ from burrow walls constructed by benthic macrofauna. PAH degradation potentials of burrow sediments from the polychaetes Nereis virens and Clymenella torquata, the mollusc Mya arenaria and the enteropneust Saccoglossus bromophenolosus were generally greater than potentials for non-burrow sedirnents; relative rates of degradation varied among the burrow wall sediments depending on the PAH assayed. Comparisons of the effects of available electron acceptors (oxygen, nitrate, ferric iron, sulfate) indicated that significant degradation of benzene, hexadecane and PAH occurred only in the presence of molecular oxygen. However, the capacity for oxic phenanthrene degradation was stable during incubations with alternating oxic and anoxic conditions, suggesting significant anoxia tolerance. Although burrow wall sediments were biogeochemically distinct with respect to rates of sulfate reduction, potential denitrification and potential ammonia oxidation, these patterns were not related to those of PAH degradation.
INTRODUCTION
Polycyclic aromatic hydrocarbons (PAH) account for a significant fraction of crude oil and petroleum-based products (e.g. creosote; Sharak-Genther et al. 1997 ). In addition, PAH are derived from numerous natural sources, perhaps the most important of which is biomass burning (Jenkins et al. 1996) . As a consequence of extensive fossil fuel use and pollution, PAH occur ubiquitously in marine systems, especially coastal systems that are subject to numerous intense point sources and less intense but widespread diffuse sources. Since many PAH are mutagenic or carcinogenic (Menzie et al. 1992) , their fate has been the focus of extensive geochemical, biochemical, physiological and ecological analyses. ' Addressee for correspondence E-mail: gking@maine.edu Results from early n~icrobiological analyses suggested that PAH degradation depends on molecular oxygen to initiate ring cleavage (e.g. Delaune et al. 1981 , Bauer & Capone 1985 , Mihelic & Luthy 1988 . However, some monoaromatics, e.g. benzene and toluene, are labile under anaerobic conditions (e.g. Grbic-Galic & Vogel 1987 , Lovley et al. 1989 , Evans et al. 1991 , Edwards et al. 1992 ). In addition, naphthalene and phenanthrene have been degraded under sulfate-reducing conditions in chronically contaminated sediment (Coates et al. 1997 ). Nevertheless, numerous recent studies indicate that aerobic transformations result in more extensive and rapid degradation of a greater diversity of PAH, including those with high molecular weights (Delaune et al. 1981 , Boldrin et al. 1993 , Fritzsche et al. 1994 , Kanaly et al. 1997 .
In coastal marine sediments, high rates of benthic oxygen uptake limit molecular oxygen to the upper several mm of sediment (e.g. Blackburn & Blackburn 1993 , Fenchel et al. 1998 , thereby substantially con-straining the potential for aerobic PAH degradation. Nonetheless, macrofaunal burrow ventilation with oxygenated water may facilitate sub-surface aerobic degradation, and in some cases inhibit anaerobic metabolism (Banta et al. 1999) . The importance of burrows and burrow ventilation is evident from burrow surface area and ventilation rates. Kristensen (1984) has estimated that Nereis virens burrows at a modest density (700 m-') increase the sediment-water interface area by 150 %; individual burrow ventilation rates up to 400 m1 h-' have been reported (Scott 1975) . Ventilation with oxygenated surface water undoubtedly accounts for well-documented increases in aerobic ammonia oxidation rates in the burrows of diverse macrofauna (e.g. Sayama & Kurihara 1983, Kristensen et al. 1985 , Kristensen 1988 , Pelegn & Blackburn 1996 , and may contribute to enhanced transformations of iron, manganese, sulfur, and organic matter.
Anaerobic transformations are also enhanced in at least some burrows. This is due in part to the fact that ventilation and oxic conditions occur only intermittently (e.g. Scott 1975 , AUer 1982 , Kristensen 1988 , Bussman & Reichardt 1991 . In the case of denitrification, enhanced activity is due to increased nitrate availability from nitrification during oxic periods and close coupling between these processes (Blackburn et al. 1994) . Patterns of sulfate reduction vary more than those of nitrification and denitrification, with enhanced activity near burrows in some instances and apparent inhibition in others (Hansen et al. 1996 , Giray & King 1997 . In this case, parameters other than ventilation and oxygen, e.g. organic matter supply, may be important. Regardless, burrows may be sites of enhanced anaerobic aromatic degradation by sulfate-reducing bacteria (Edwards et al. 1992 , Rabus et al. 1993 , Beller et al. 1996 , Bedessem et al. 1997 , Coates et al. 1997 or denitrifiers (Bossert & Young 1986 , Archangeli & Arvin 1995 .
In the present study, we examine PAH degradation potentials for burrow sediments from the polychaetes Clymenella torqua ta and Nereis virens, the mollusc Mya arenana and the enteropneust Saccoglossus bromophenolosus. Radiotracers were used to compare degradation for benzene and hexadecane under oxic and anoxic conditions; stable substrates were used to assay oxic PAH degradation and to determine responses to periodic changes in oxygen availability. A suite of biogeochemical transformations, including sulfate reduction and denitrification, and an aerobic process, ammonia oxidation, were also measured to determine the extent to which different burrow and ventilation characteristics affect processes that may contribute to hydrocarbon biodegradation.
MATERIALS AND METHODS
Sediment collection. Burrow and non-burrow sediments were collected from the intertidal zone of Lowes Cove, Maine. This site has been described previously (e.g. Andersen et al. 1981 , King et al. 1983 , Rice 1986 , Hansen et al. 1996 ; it is not significantly contaminated. Clymenella torquata burrows (sefi-rigid tubes penetrating about 8 to 10 cm into the sediment surface) were collected intact since they consist of sediment cemented into a stable structure. C. torquata tubes were later homogenized for use in assays other than sulfate reduction. Mya arenaria burrow sediments were collected from upper Lowes Cove after exposing the animals with a clam fork. M. arenana was typically found at a depth of 15 to 20 cm; burrows were formed by extension of the animal's siphons to the sediment surface. Only the innermost (1 to 2 mm thick) oxidized, light brown layer of sediment from 5 to 10 cm depth surrounding the siphons was scrapped off with a spatula. Burrow sediments of Saccoglossus bromophenolosus and Nereis virens were collected similarly. In all cases, burrow identification was based on the animal occupants and burrow morphologies.
Sulfate reduction. Sulfate reduction was measured by direct injection of carrier-free 35S042-(approximately 37 kBq [ l pCi] cm-3) into 3 cm3 disposable syringes modified by removing the luer tips. For burrows of Mya arenaria, Nereis virens, and Saccoglossus bromophenolosus, sediments (inner I mm) were collected using a spatula and then loaded into the syringes. For Clymenella torquata, bulk sediments were removed from intact burrow tubes; the tubes, with walls about 1 mm thick, were subsequently loaded into syringes. Modified 3 cm3 syringes were also used to obtain cores perpendicular to the burrow walls of N. virens, M. arenaria, and C. torquata. These cores were collected by carefully inserting syringe barrels into the sediment while holding the plunger steady at the inner surface of the burrow wall. Subsequent to incubation with a radiotracer, the cores were extruded and sectioned at 2 mm intervals or greater. Vertical profiles of non-burrow sedirnents were obtained using acrylic cores (7.5 cm inner diameter) carefully positioned between obvious burrow openings at the sediment surface. These cores were subsampled at 1 cm intervals over a depth of 15 cm. Details of radiotracer injection, sediment processing by chromous chloride distillation for radiosulfide formation after 3.5 to 4 h incubation and estimation of porewater sulfate concentrations follocv Hansen et al. (1996) and Giray & King (1997) . All radi.oassays were conducted with a Wallac LKB model 1217 scintillation counter using internal standardization.
Potential denitrification rate. Slurries of burrow sediments collected as above were prepared by mixing 10 cm3 of sediment with 20 cm3 of seawater in 160 cm3 serum bottles. The bottle headspaces were flushed with nitrogen and then the bottles were sealed with butyl stoppers. An additional set of slurries was prepared similarly using non-burrow sediment collected at 1 cm intervals over the 0 to 15 cm depth interval from intact cores. All slurries were incubated with shaking (190 rpm) at room temperature (about 20°C) in the presence of an initial nitrous oxide concentration of 5000 ppm. Uptake rates of nitrous oxide were measured by sampling bottle headspaces (1 cm3) with a syringe and needle. Nitrous oxide concentrations were estimated by gas chromatography using a Varian model 3700 operated with a Porpak Q column (0.3 cm outer diameter X 1 m) at 70°C with a helium carrier gas at 30 cm3 min-' and detection by thermal conductivity. Potential denitrification rates were calculated from linear regression analysis during periods of maximum nitrous oxide depletion.
Potential ammonia oxidation rate. Aerobic slurries were prepared using burrow wall or surface sediments (upper 2 to 3 mm at the sediment-water interface) collected as above and diluted 1:10 with seawater in 160 cm3 serum bottles containing air. Ten cm3 of slurry in each bottle were incubated with vigorous shaking (190 rpm) at room temperature after adding ammonium chloride and sodium chlorate to final concentrations of 1 and 10 mM, respectively. Chlorate specifically inhibits nitrite oxidation; thus, nitrite accun~ulation serves as an index of ammonium oxidation (Belser & Mays 1980) . Nitrite accumulation was measured at intervals (Giray & King 1997) after subsampling 200 p1 of slurry. Sediment was removed from slurry samples by microcentrifugation (l1 500 x g; 10 min). Sample absorbances for the nitrite assay were measured using a Beckman model DU-610.
14C-hexadecane and 14C-benzene degradation. n-[l-14C]hexadecane (2.15 GBq mmol-l) was obtained from Amersham Life Science. [UL-14C] benzene (2.15 GBq mmol-l) was obtained from the Sigma Chemical Conlpany. For aerobic degradation experiments, slurries were prepared under oxic conditions using a 1:10 dllution of burrow (ClymeneUa torquata and Mya arenaria) or non-burrow sediments in artificial seawater (ASW) (after Sverdrup et al. 1942) . Ten cm3 of slurry were transferred to each of 2 sets of 160 cm3 polyethylene serum bottles containing a headspace of air. Approximately 37 kBq I4C-hexadecane (final slurry concentration, 2.4 nmol cm-3) or 14C-benzene (final slurry concentration, 2.4 nmol cm-3) were added to each of the replicate bottles in each set. All bottles were sealed with rubber stoppers fitted with a center well containing 0.2 rnl of 0.5 N KOH to trap evolved 14C02. The bottles were incubated with shaking (-150 rpm) at room temperature in the dark. Center wells were removed from triplicates in each set at intervals; the well contents were added to scintillation vials containing 10 m1 of Scintiverse (Fisher Scientific, Inc.). Radioactivity was measured as noted above.
For anaerobic degradation assays, slurnes were prepared under anoxic conditions in a glovebag containing nitrogen. Five cm3 of anoxic slurry were incubated in modified 5 cm3 syringes (luer tips removed) using ASW without sulfate. Radiotracers were added as above to sealed syringes but at 4.8 nmol cm-3. Nitrate, sulfate or ferric iron at final concentrations of 20 pm01 cm-3 were added to the slurries, except for the unamended controls. Ferric iron was used as a freshly precipitated oxyhydroxide. The syringes were incubated at room temperature in the dark in a reciprocating shaker (-100 rpm) under an atmosphere of nitrogen. 14C02 production was measured at intervals by expressing subsamples into scintillation vials that were subsequently sealed with rubber stoppers fitted with center wells containing 0.2 m1 of 0.5 N KOH. The subsamples were acidified by injecting 2 m1 of 1 N HCl. Radioactivity from I4CO2 trapped in KOH was measured as outlined above.
Aerobic PAH degradation. Stock solutions (0.11 mM) of naphthalene, 1,4-dimethylnaphthalene (1, 4-DMN), acenaphthene, dibenzothiophene (DBT) and benz[a]-anthracene were prepared individually in dichloromethane (DCM). These PAH are representative of commonly observed pollutants in coastal sedirnents. Individual stocks (9 pl) were transferred into 40 cm3 glass serum bottles, each containing a small amount (0.1 g) of autoclaved bulk sediment as a carrier. The stock solution was mixed thoroughly into the sediment, and DCM evaporated for several minutes prior to the addition of 10 cm3 of burrow (Clymenella torquata and Mya arenana) or non-burrow sediment slurries prepared as described above. The final PAH concentrations in the slurries were approximately 100 nmol cm-3. The bottles were sealed with Teflon-Lined stoppers and aluminum-crimp seals, and incubated at room temperature with shaking (-150 rpm) in the dark. The bottles were flushed with air at regular intervals (2 to 3 d ) . At intervals, triplicate bottles were sacrificed, and PAH extracted from the slurries.
Phenanthrene degradation under varied oxygen regimes. Sediment slurries (10 %) were prepared using Nereis virens burrow wall sediments and ASW. Ten cm3 volumes were transferred to 40 cm3 glass serum bottles subsequently sealed with Teflon-lined stoppers. About 50 1-19 of phenanthrene in 9 1-11 of DCM were added to each bottle. The serum bottles were flushed with either air or nitrogen and incubated in darkness at ambient temperature with shaking and anoxic conditions were alternated (Hansen et al. 1996) . Sulfate reduction is expressed per unit volume of sediment;
on a daily basis. Triplicate bottles from PDNR and PArnmox are expressed per unit volume of sediment slurry each set were sacrificed at intervals, the contents were acidified, and phenanthrene was extracted with hexane for analysis as described below. In an additional experiment, slurries were prepared anaerobically as above, except that ASW without sulfate was used as a sediment diluent. Three sets were amended with nitrate, manganic oxide or ferric oxyhydroxide (both freshly N. virens burrows (0.5 + 0.1 pm01 cm-' d-l). Rates for produced) to final concentrations of 20 pm01 cm-3 the inner 2 mm of C. torquata and M. arenaria burrows slurry. The fourth set of bottles was not amended and were considerably lower (0.1 to 0.15 pm01 cm-3 d-l). was used as a control. These slurries were incubated For all burrow transects, sulfate reduction increased under anoxic conditions as above prior to flushing the gradually and significantly (p < 0.05) with distance headspaces with air for oxic incubations. A set of autofrom the burrow wall, in the cases of N. virens and claved sediments was used as controls for abiological M. arenaria exceeding 0.6 pm01 cm-3 d-' (Fig. 1A) . losses.
Rates for C. torquata and M. arenaria inner wall PAH extraction and quantification. Six m1 of DCM:methanol (l:2) containing 1, 8-dimethylnaphtha-1000 lene as an internal standard were added to 10 cm3 of slurry in serum bottles. The bottle contents were shaken for 2 mini aqueous and organic phases were separated screw-cap by test centrifugation tubes sealed after with transfer Teflon-lined to 20 m1 caps. glass with the highest rates for the inner 2 mm measured for burrow sediments. All data are means of triplicates t 1 SE burrow sediments were generally lower than rates observed for non-burrow sediments over the upper 10 cm of a depth profile (Fig. 1B) . However, within a distance of 1 to 2 cm from the burrow walls, rates for all burrow sediments were similar to those for non-burrow sediments. Sulfate reduction rates for non-burrow sediments decreased markedly with depth, from surface values of 0.59 to 0.68 pm01 cm-3 d-' to values ~0 . 1 pm01 cm-3 d-' at depths > l 2 cm. A secondary subsurface maximum occurred at a depth of 6 to 8 cm.
Maximum potential denitrification rates (PDNR, expressed as rates of nitrous oxide uptake) were highest in pooled Clymenella torquata burrow sediment slurries (1 1.5 * 2.8 pm01 cm-3 d-l), followed by rates for
Mya arenaria, Saccoglossus bromophenolosus and
Nereis virens(6.5 * 0.9, 1.2 * 0.1, and 1.1 k 0 . 1 pm01 N 2 0 reduced cm-3 sediment d-l, respectively; Table 1 ).
The maximum rates for all sediments were expressed after an initial lag of approximately 50 h, during whlch nitrous oxide depletion was negligible (Fig. 2) ; subsequently, depletion was linear until headspace concentrations dropped to c100 ppm. In general, rates for C. torquata and M. arenaria sediments substantially exceeded those for non-burrow sediments over the 0 to 15 cm depth interval. Rates for non-burrow sediments were highest at the surface (0 to 1 cm), relatively uniform over the 1 to 10 cm interval, and then decreased from 10 to 15 cm depth (Fig. 3A,B) .
In contrast to patterns for denitrification, maximum potential ammonia oxidation rates were greatest for Nereis virens burrow sediments (1.4 k 0.2 gm01 cm-3 d-'; Table 1 ). Rates were significantly lower for Clymenella torquata and Saccoglossus bron~ophenolosus burrow sedin~ents (36 to 57%), and markedly lower All data are means of triplicates t 1 SE. Error bars not shown are < symbol size rates were considerably greater (3.5-to 11-fold) than rates for surface sediments. In all assays, nitrite concentrations reached a maximum after approximately 30 to 60 h incubation and remained constant thereafter (Fig. 4) . However, the total amount of nitrite accumulated represented only a small fraction of the ammonium added (< 10 %).
14C-hexane and 14C-benzene degradation
Over 53 d, 14C02 accumulated in a pattern consistent with exponentially decreasing degradation for added 14C-hexadecane and 14C-benzene (Fig. 5) . Total 14C02 accumulated from I4C-hexadecane was consistently greater for oxic Mya arenaria than Clymenella Error bars not shown are < symbol size torquata burrow sediment, although the differences were not statistically significant (Fig. SA) . I4CO2 production was greater for burrow than non-burrow sediment and for sediments incubated anaerobically with nitrate as the terminal electron acceptor. In the latter case, ~2 0 % of the added 14C was recovered as 14C02. Maximum I4CO2 accumulation reached approximately 50 % of the added radiotracer during oxic incubations. Activity for killed controls was minimal ( l to 2 %).
A similar pattern was observed for aerobic 14C-benzene degradation: burrow sediments showed significantly hlgher I4CO2 accumulation than did non-burrow sediment (Fig. 5B) . Degradation patterns for Mya arenaria and ClymeneUa torquata sediments were almost identical, with about 66% of the added radiotracer recovered as '"Oz. Only 50% of the added benzene was mineralized by non-burrow sediment. In contrast to results for I4C-hexadecane, anaerobic I4C-benzene mineralization was very limited (<4 %) with nitrate as the final electron acceptor. Results for other electron acceptors were similar (not shown).
PAH degradation
Naphthalene degradation proceeded rapidly without a lag in all oxic burrow and non-burrow sediments (Fig. 6A) . For burrow sediments, complete loss of naphthalene occurred within 5 d, with an average loss rate of about 17 % d-'. Degradation in non-burrow sedi m e n t~ occurred somewhat more slowly, but naphthalene was completely lost within 11 d. Much slower naphthalene losses, about 3 % d-l, were observed for autoclaved control sediments, primarily as a result of the high volatility of naphthalene.
Oxic degradation of 1,4-DMN was similar among all sediment types assayed except for the autoclaved control (Fig. 6C) . A gradual but steady decrease in 1, 4-DMN was observed. As in the naphthalene treatments, degradation occurred without any apparent lag period. The loss rate was about 5% d-' for burrow sediments, and slightly lower (3 % d-') for non-burrow sediments. At the end of 19 d, about 90 and 95 % of the added 1, 4-DMN were lost from Clymenella torquata and Mya arenana sediments, respectively.
Oxic Clymenella torquata burrow sedirnents and non-burrow surface sediments rapidly degraded DBT after initial lag periods of about 12 and 7 d, respectively (Fig. 6D) 5 pg phenanthrene cm-3 slurry was ob- served within about 48 h after the initial lag. Phenanthrene degradation did not differ from sterile controls for slurries initially incubated under oxic conditions and subsequently switched to anoxic conditions (Fig. 7) . Phenanthrene losses in these controls as in others appeared to arise as a result of changes in adsorption and extraction efficiencies over time.
Phenanthrene was also degraded in slurries incubated under alternating oxic and anoxic conditions (24 h cycle) after an initial 9 d lag that was equivalent to the lag for slurries incubated under continuously oxic conditions (Fig. 8) . However, degradation was markedly slower under the alternat- . In contrast, pre-incubation under anoxic conditions for 2 wk did not result in an extended lag period for or reduce rates of phenanthrene degradation subsequent to oxygen introduction (Fig. 9) . Addition of nitrate or other terminal electron acceptors (manganese, iron) did not alter the outcome of assays with an anoxic pre-incubation (data not shown). Apparent losses in the presence of nitrate were comparable to those of sterile controls in similar assays.
-
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Sulfate reduction rates observed along burrow transects (Fig. 1A) are consistent with trends observed for inner burrow wall sediments alone. Over the entire 2 to 3 cm transect, rates are highest for Nereis virens, with intermediate values for Mya arenaria, and the lowest average values for Clymenella torquata. A decrease in the inhibitory impact of intermittent oxygenation may account for the increase in sulfate reduction with distance. However, a variety of other factors may also be involved, since Hansen et al. (1996) observed both increases and decreases in sulfate reduction in transects from M. arenaria burrow walls.
Potential denitrification rates vary markedly among the burrow types as well ( Table 1 , Fig. 2 ), but in this case it is possible to suggest relationships between macrofaunal characteristics and microbial activity. The behavioral characteristics (e.g. motility, feeding mode), since rates for Mya arenaria are typically lower than those for the 2 polychaetes. Due to its relatively sedentary nature and ventilation through siphons, M , arenaria should enhance anoxia locally and stimulate sulfate reduction, although some oxygen diffusion through siphons may occur. The patterns for M. arenana suggest that parameters other than ventilation determine activity. These unspecified parameters may account for the fact that sulfate reduction rates and potential denitnfication rates vary roughly inversely among Clymenella torquata, M. arenana, and Nereis virens (see Table 1 , Fig. 10 
V)
Since benthic microbial communities and their pro-
even for congeneric taxa (Kristensen 1981 (Kristensen , 1983a . The formation of a semi-permanent, parchment-like burrow structure by C. torquata may limit the extent of solute exchange between burrow water and porewater, thereby increasing the relative extent of anoxia around the burrow. The siphons of M. arenaria may have a similar effect. Differences in the extent of anoxia among macrofaunal taxa could be manifest in denitrifier population sizes or in the expression of denitrifying enzymes, either of which would be reflected in estimates of maximum potential activity. On the other hand, potential denitrification and ammonia oxidation are not correlated (Fig. 101 , even though the latter is likely the predominant source of nitrate for the former (Kristensen 1988 , Blackburn et al. 1994 . Potential ammonia oxidation is highest for Nereis virens and least for Mya arenaria, with intermediate values for the remaining taxa. Giray & King (1997) and Kristensen (1988) previously reported a similar trend. Differences among taxa may reflect differences in burrow wall physical characteristics (e.g. organic content, mucus) as suggested by Kristensen (1988) , as well as differences in the nature and extent of burrow irrigation. The latter may account for the low ammonia oxidation potential of M. arenana in particular since irrigation through its siphons precludes direct contact between overlying water and burrow sediment. In contrast, surface water is in direct contact with burrow sediment during irrigation by polychaetes and enteropneusts, though the timing and volume of flow may vary considerably among taxa.
Although the specific mechanisms that account for the preceding biogeochemical patterns are uncertain, it is likely that they affect a wide range of microbial activities, including PAH degradation. While some recent evidence indicates that several aromatics can be degraded anaerobically (Grbic-Galic & Vogel 1987 , Lovley et al. 1989 , Edwards et al. 1992 , Coates et al. 1997 , data from this study suggest that oxic degradation dominates in largely uncontaminated sediments. For example, aerobic benzene degradation occurs rapidly in burrow and non-burrow sediments, but is minimal under anoxic conditions. Likewise, even though hexadecane appears more labile than benzene under anoxic conditions, oxic degradation still dominates total activity (Fig. 5) . In the case of phenanthrene, no degradation occurs under anoxic conditions, irrespective of the available terminal electron acceptor (Figs. 7 to g ), while aerobic degradation is rapid after a short lag phase. The observed lag phase most likely represents the time required for induction and synthesis of dioxygenases suitable for PAH degradation.
In contrast to oxic surface sediments, oxygen is available in burrow sediments only intermittently, since burrow ventilation is a periodic process (Scott 1975 , Kristensen 1981 , 1983a . The nature of ventilation is not well described, but appears to vary substantially among the macrobenthos. Nereis virens typically ventilates its burrows for short intervals (about 5 min) interspersed among longer resting periods (about 30 min); in addition, much longer periods of quiescence (hours) occur with no ventilation (Scott 1975) . During the latter, rapid oxygen uptake by burrow sedi m e n t~ and animal tissues can lead to cessation of aerobic microbial metabolism, initiation of anaerobic metabolism, excretion of organic acid metabolites by the burrow host and decreases in burrow water pH (Scott 1975) . Experimental evidence suggests that such periodic oscillations can stimulate bulk organic matter degradation (Aller 1994) .
Data presented here indicate that periodic variations in oxygen levels do not preclude aerobic phenanthrene degradation by Nereis virens sediment slurries when oxygen is available. After initiation under oxic conditions, phenanthrene degradation ceases upon oxygen removal, but resumes without lag after reintroduction of oxygen (Figs. 7 & 8) . Further, complete loss of exogenous phenanthrene occurs under alternating oxic-anoxic conditions, albeit at a slower rate than under continuously oxic conditions. Repeated oxicanoxic shifts appear to have little cumulative effect since degradation rates remain approximately constant during oxic phases (Fig. 8) . Thus, short-term anoxia (24 h) has little deleterious effect on phenanthrene degraders. Likewise, long-term anoxia has little deleterious effect. Lag times for and rates of phenanthrene degradation after introduction of oxygen are comparable for sediments incubated initially for 2 wk under anaerobic conditions or incubated continuously under oxic conditions (Fig. 9) .
In this context, phenanthrene degraders share traits with other oxygen-dependent functional groups. Ammonia oxidizers appear most abundant in periodically anoxic burrow wall sediments based on maximum potential oxidation rates (e.g. Fig. 4 and Kristensen 1988 ), yet cannot oxidize ammonia anaerobically. Methane-oxidizing bacteria also depend on molecular oxygen, but tolerate extended periods of anoxia well (Roslev & King 1994) . Thus, survival under anaerobic conditions may be a relatively general phenomenon among aerobic bacteria that promotes their persistence and activity in intermittently oxic environments. Although the ability to respire anaerobically (e.g. with nitrate) may account for anoxia tolerance of some bacterial groups, it is not clear to what extent this is important for PAH degraders.
The biogeochemical patterns and trends for PAH degradation evident in this study indicate that burrow sediments cannot be considered a simple extension of the sediment surface. Others looking at different taxa and processes have reached similar conclusions (Kristensen et al. 1985 , Aller 1988 . While naphthalene and 1, 4-DMN degradation (Fig. 6A,B) occur similarly in each of the various burrow and non-burrow sediments, DBT degradation is sediment-specific, occurring only for Clymenella torquata and surface sediments (Fig. 6C) . This pattern differs notably from those for sulfate reduction, denitrification and ammonia oxidation, variations in which may be attributed to differences in population sizes of otherwise similar microbial communities. In contrast, variability in PAH degradation suggests that different burrow sediments may harbor characteristic phylogenetically and functionally diverse ensembles of PAH degraders. The specific nature of these ensembles might reflect variations in physical regimes resulting from diverse ventilation patterns. Alternatively, Mferent macrofaunal taxa may excrete metabolites that select for certain populations with specific capacities. In support of these notions, 3 morphologically and physiologically distinct isolates have been obtained from burrows of Nereis virens, Mya arenaria and C. torquata (Chung & King 1998) .
Recently, Berardesco et al. (1998) documented very diverse communities of phenanthrene-degrading bacteria isolated from surficial sediments of Boston Harbor. Spatial (but not temporal) variations in the diversity of this community at the cm scale appear minimal. While small-scale variations in the diversity of PAH degraders in Lowes Cove surface sediments might also be limited, results reported here indicate that significant sub-surface variation may occur as a consequence of macrofaunal diversity. The extent of such variation may ultimately contribute to differential fates for the various components of PAH found in situ.
Benthic macrofauna can also affect the fate of PAH through other mechanisms. Sediment reworking by deposit-feeding and burrowing re-distributes PAH to the water column and oxic sediment surfaces, thereby enhancing the potential for aerobic degradation (e.g. Koerting-Walker & Buck 1989 ). In addition, macrofauna can assimilate and metabolize some PAH directly (Karlckhoff & Morris 1985 , McE1-roy 1990 , Forbes et al. 1996 . Although the relative significance of these processes and burrow wall degradation remain uncertain, it seems evident that manipulation of benthic macrofaunal populations and their associated microbiota represents a viable approach for in situ bioremediation of contaminated marine sediments.
